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Aerodynamic Simulations of Airfoils with
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A computational investigation was conducted to determine the effect of simulated upper-surface spanwise ice
shapes on airfoil aerodynamics. These shapes are representative of supercooled large droplet shapes on aircraft
with active de-icing boots. The numerical investigation employed steady-state simulations with a high-resolution
full Navier–Stokes solver using a solution-adaptive unstructured grid for both non-iced and iced con� gurations.
The study investigated a modi� ed NACA 23012 (with and without � ap de� ection) and airfoils of the NASA Modern
Airfoil program. A range of protuberance location, size, and shape were examined, and comparisons were made to
availableexperimental data. In general, the performance of the computationalmethodologywas particularly good
for pressure and hinge-moment distributions (including the nonlinear break points), whereas lift was predicted
reasonably well up to (but not past) fully separated � ow conditions. The airfoil shape sensitivity studies indicated
that the NACA 23012m exhibited the most detrimental performance with respect to lift loss, which tended to be
greatest around x/c of about0.1 that also corresponds to the location of minimum Cp . The more evenly loaded NLF
0414 airfoil tended to have less separation for equivalent clean-airfoil lift conditions and did not exhibit a unique
critical ice-shape location. The forward-loaded airfoils of the business jet main wing model and the commercial
transport horizontal tailplane model exhibited critical ice-shape locations close to the leading edge (x/c = 0.02),
which was close to the minimum Cp location.

Introduction

A N AIRCRAFT can accrete ice on its aerodynamic surfaces
when � ying through clouds of supercooled water droplets. In

the presence of supercooled large droplets, the droplet sizes are
much larger than those in the FAA Part 25, Appendix C icing en-
velopesused in aircraftcerti� cation.Becauseof their larger size, the
droplets can impinge and accrete as ice downstream of the de-icing
system. When the de-icing system is activated, a spanwise-step ice
accretion can occur on the aircraft wing behind the leading-edge
de-icing system.1 The spanwise-step ice accretion (just behind the
boot) presents both a forward and aft facing step to the � ow and is
essentially two-dimensional,extending spanwise on the wing. This
type of accretion, if asymmetric,can lead to large changes in the lat-
eral control (and the associatedaileron hinge moments) by severely
altering the � ow over the ailerons.2 The purpose of this study is to
assess the predictive performance of steady-state two-dimensional
numerical simulations of the aerodynamics of spanwise-step ice
accretions, with particular emphasis to lift degradation and hinge-
moment variation. The second goal was to investigate various pa-
rameter effects of the ice-shapesize, � ap de� ection, and airfoil type
on these aerodynamic forces.

Similar to previousexperimentalstudies, previouscomputational
studies of aircraft icing have primarily concentrated on the more
common leading-edge ice shapes. For example, Potapczuk3;4 used
the ARC2D code to study the aerodynamic effects of leading-edge
ice. The ARC2D code solves the thin-layer Navier–Stokes equa-
tions,with turbulencesimulatedwith the Baldwin–Lomax algebraic
two-layereddy-viscositymodel.5 One of the geometriesstudiedwas
a NACA 0012 airfoil with a leading-edge glaze-ice accretion. The
lift, drag, and moment computations for angles of attack of 0 to 10
deg showed good agreement for angles of attack below stall, and
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the predicted pressure distribution showed good agreement for lo-
cations aft of the ice shape. Recently, Caruso and Farschi6 used an
unstructured mesh � ow code and demonstrated high resolution of
the detailed � ow� eld around a leading-edge iced airfoil. The study
focusedprimarily on the grid-generationprocedure,and no compar-
isons with experiment were given. Dompierre et al.7 also reported
results of computations about iced airfoils using adaptive meshing
techniques. An ef� cient remeshing technology was employed such
that the Navier–Stokes equations could be solved on and adapted
to a grid with a uniform distribution of error. The computations
revealed a very large loss of lift, but no experimental data were
available for comparison.Kwon and Sankar8 studied the � ow about
a three-dimensional � nite wing with simulated leading-edge glaze
ice and a NACA 0012 airfoil section. The computational study em-
ployed the unsteady three-dimensionalBaldwin–Lomax equations
on a structured algebraic C grid. Pressure distributions along span-
wise locations were presented for 4 and 8 deg, which showed rea-
sonable agreement with experimentaldata. However, the preceding
simulations have been generally limited to leading-edge ice-shape
simulations.

One of the few relevantcomputationalstudieson large-dropletice
accretion (upper-surface spanwise-step ice shapes) was presented
by Wright and Potapczuk.9 The study used the ARC2D structured
Navier–Stokescodewith an algebraicturbulencemodel for a variety
of airfoil con� gurations and ice shapes. Although no experimen-
tal data were presented for comparison (as none were available),
Mach number contours of the � ow� eld were presented for each of
the cases considered. Recently, extensive experimental data (lift,
drag, pitching-moment, hinge-moment, and pressure distribution)
for upper-surfacespanwise-step-iceaccretion shapes became avail-
able though the work of Bragg at the University of Illinois.10;11 In
1999 (Ref. 12) the � rst detailed comparison of these data with com-
putational predictions was presented with emphasis on ice-shape
size and shape for the NACA 23012m airfoil alone. This follow-
on study considers ice-shape location, � ap de� ection effects, and
three other airfoil geometries from the NASA John H. Glenn Re-
search Center Modern Airfoil Program. The coordinates for the
business jet main wing model and the commercial transport hori-
zontal tailplane model of the NASA Modern Airfoil program are
presented in Addy.13
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Methodology
Unstructured Grid Technique

Most aerodynamicsimulationsusingcomputational� uid dynam-
ics are performed using structured grids. Structured grids are very
ef� cient and are very convenient for conventional airfoil with at-
tached � ow. However, many complex geometry features, such as
ice accretions and/or multielement airfoils, are not easily mapped
onto a conventionalstructuredgrid. A solution to this problem is to
use unstructuredgrids as they can provide � exibility for tessellating
about complexgeometriesand adaptingto � ow features.Generating
unstructuredgrids is also much more automatablethan conventional
multiblock structured grid generation and signi� cantly reduces the
numberof nodesrequiredfor equivalentspatialresolutionespecially
by employing adaptive meshing.

For this study the unstructuredgrid generationwas accomplished
using a modi� ed version of UMESH2D (a code developed by
Mavriplis14 ). Grid generation within UMESH2D is separated into
two stages. First the viscous mesh is generated, and then the rest of
the mesh is � lled in. The algorithms used are described in the fol-
lowing sections. The � rst phase of the grid-generationprocess uses
the advancing-layersmethod as described by Pirzadeh.15 This stage
creates a highly stretched semistructured grid within the viscous
regions around the airfoil geometry and wakes. The second phase
of the grid-generationprocess creates isotropic elements within the
inviscid regionsof the � ow� eld. This hybrid techniqueis essentially
an advancing-frontalgorithmthat adds new pointsaheadof the front
and triangulatesthemusing theDelaunaycriterion.It thereforecom-
bines the ef� ciencyand mathematicaleleganceof Delaunaytriangu-
lation with the point placement features, robustness, and boundary
integrity of the advancing-frontmethod. An example of an unstruc-
tured grid generated for this study is shown in Fig. 1a, which shows
a close up of the leading-edge glaze ice shape on a NACA 0012,
where highly resolved viscous regions are easily wrapped around
the airfoil along with a pointwiseef� cient inviscidgrid, using a total
of about 60,000 grid nodes. The computations were conducted on
an SGI Origin 2000 and required approximately 6 CPU hours per
node (typically 20 angles were run on 20 nodes).

For the upper-surfaceice-shape airfoils investigatedin this study,
it was found that the predictive performance could be signi� cantly
enhanced by employing grid adaptation to allow high resolution in
regions of high � ow gradients.Although UMESH2D has a general
grid adaptivitytechnique,this was modi� ed to better suit the present
application. After an initial unstructured grid has been generated
and a � ow solution has been obtained on this mesh, an adaptively
re� ned mesh was constructed by adding new points in regions of
large � ow gradients and discretization errors. The grid re� nement
was performedherein by splittingedges in regionsof high � ow� eld
gradients of a � ow variable. If the gradient of a particular � ow
variable were larger than some prescribed tolerance, the edge was
re� ned by adding a new point at the midpoint of the edge. In this
study the grid re� nement � ow variable was set to be the absolute
velocity(basedon tests for a varietyof parametersand combinations
in terms of overall ef� ciency and performanceof the adaptedgrids).

Figure 1b shows a close up of the adapted grid for one level of
grid re� nement (typically two were used) near the quarter-round
simulated ice shape for ® D 0 deg. In this grid additionalgrid points
have been clustered around the separation point (at the apex of the
shape), along the high velocity gradients of the downstream free
shear layer (to the right of the shape apex), and near the upstream
separation bubble (to the left of the shape base). After the grid
has been re� ned, a new � ow� eld solution is obtained on the new
adapted grid, which is initialized by interpolation from the already
computed solution. This interpolation is accomplished by using an
ef� cient node neighbor search. This process could then be repeated
for further re� nement. The two levels of adaptation typically used
herein increased the number of grid points by approximately 25%.

Flow� eld Solution

The � ow solution is obtained with a code called NSU2D (Ver-
sion 5.0.b).16 This code takes a discretized mesh of the � ow� eld

a)

b)

Fig. 1 Unstructured grids showing close-up for: a) the leading-edge of
a glazed-ice NACA 0012, b) the quarter-round ice-shape for the NACA
23012m.

and obtains a steady-state solution of the governing equations.The
detailed methodology used in NSU2D is described in the follow-
ing sections. The � ow solver obtains the steady-state solution of
the full two-dimensional compressible Reynolds (Favre)-averaged
Navier–Stokes equationswithout a thin-layerassumption.The code
uses a vertex-based discretization where the � ow variables are
stored at the triangle vertices. The � ux terms are evaluated using
a Galerkin-based � nite element formulation. A blend of Laplacian
and biharmonic operators is incorporated for stability. The bihar-
monic dissipation provides second-order-accurate background dif-
fusion in regions of smooth � ow. The Laplacian dissipation pro-
vides � rst-order-accuratesmoothing in the vicinity of shock waves
to reduce numerical oscillations. The set of resulting equations is
integrated in time using an explicit � ve-stage Runge–Kutta time-
stepping scheme. This scheme was designed to obtain the best bal-
anceof ef� ciencyand robustnessforviscous� ows with the algebraic
multigrid algorithm.

The main technique used in NSU2D to accelerate the conver-
gence (besides local time stepping and smoothing) is the multigrid
algorithm. This method accelerates convergence by damping out
low-frequency errors on the coarser grids where these errors can
manifest themselves as high frequencies.NSU2D uses an algebraic
multigridalgorithm,as opposedto a geometricalgorithm,and there-
fore operates on the matrix of the discrete operator, rather than on
the grid of the discretization. The formulation of the algebraic al-
gorithm can be found in Mavriplis and Venkatakrishnan.17 Three to
� ve grid levels were typically used for the current computations.
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The Spalart–Allmaras one-equation model18 is used for turbu-
lence modeling. The model is computationally local in that it does
not rely on surveying the velocity or vorticity pro� le on a smooth
grid line, roughly orthogonal to the surface.18 It was designed and
calibrated for use with mixing layers, wakes, and boundary layers.
Recently,Spalartand Shur19 modi� ed the originalSpalart–Allmaras
model to accountfor systemrotationandstreamlinecurvature.How-
ever this alterationwas found to have very little effect on the predic-
tion of backward-facing step � ows (similar to the separated � ows
encountered around an ice-accreted airfoil) and thus was not used.
The turbulence model is integrated using a point-implicit strategy,
allowing the turbulence quantities to be advanced at the same rate
as the governing equations.16

Although the code facilitates laminar to turbulent transition, the
code itself does not predict the onset of transition. Therefore, the
transition points must be user speci� ed. In this research the transi-
tion points are predicted a priori using the integral boundary-layer
program of XFOIL.20 This program incorporates an eN -type am-
pli� cation formulation for determining the transition location. To
account for variations in the predicted lift of XFOIL, a lift-corrected
angle of attack is used when the transition point is being computed.
When comparing against experimental tests that have a boundary-
layer trip placed on the airfoil, (typically at 5% chord for the upper
surface and 2% for the lower surface), the transition is assumed to
occur at whichever comes � rst: the trip location, the transition loca-
tion predictedby XFOIL, or the apex of the quarter-roundice shape
(when present). The latter criteria is considered because the ema-
nating free shear layer can be considered fully developed turbulent
in a small fraction of a step height downstream of the separation
point for the Reynolds numbers consideredherein.21 The transition
position for the lower surface was taken at the leading-edge for all
negative angles of attack.

Validation with Relevant Flow� elds

Before results were obtained for the upper-surface icing study,
a validation study was conducted to determine the capabilities and
limitationsof the currentcomputationalmethodologyfor each of the
primary � ow features. These validations included � at-plate bound-
ary � ows (laminar and turbulent), backstep separation � ows, clean
airfoils (including Reynolds-number and Mach-number effects),
anda leading-edgeicedairfoil� ow. Moredetailsof thesevalidations
are available in Dunn and Loth12 and Bragg and Loth.22 To assess
the accuracy of NSU2D within the viscous regions near the wall
boundaries,the codewas � rst veri� ed for a turbulentincompressible
� at-plate boundary-layer � ow. The NSU2D results showed excel-
lent agreementwith data from White23 for grid with a � rst transverse
node spacing from the wall at a yC of approximately unity with a
15% successiveincrease in grid size away from the wall. This result
was used to guide the resolutionof the viscousmeshes for the airfoil
cases. The ability to predict separating and reattaching shear � ows
is also critical for accurately predicting iced-airfoil aerodynamics.
The backward-facingstep is a canonicalgeometry that provides this
type of � ow. The experimental data of Driver and Seegmiller24 was
used for detailed comparison by Dunn and Loth,12 where veloc-
ity pro� les and pressure distributionswere reasonably reproduced.
Overall, NSU2D reproduced the experimental reattachment lengths
at small pressure gradients reasonably well but underpredicted the
reattachment length as the expansion angle was increased.

To determine grid adaptation and prediction robustness for non-
iced airfoils, the code was validatedwith experimentalsets for clean
NACA 0012 and NACA 23012 airfoils with the tunnel walls mod-
eled directly (Dunn and Loth12). For the NACA 0012 airfoil the
code was able to predict chord Reynolds number (Re) effects and
freestreamMach number (M ) effects by comparingwith the data of
Ladson.25 The code also reasonablycharacterizedthe aerodynamic
features up to the point of maximum lift for the clean NACA 23012
airfoil with and without a � ap.22

The � nal validation was for a leading-edge glazed ice shape on
the NACA 0012 airfoil, which has similar � ow separation charac-
teristics as the upper-surface iced airfoils to be investigated herein.
The grid (recall Fig. 1a) contained about 60,000 nodes and used

a)

b)

Fig. 2 Predictions and measurements for a leading-edge ice-shape on
NACA 0012showninFig.1a fora) lift coef� cient andb)pitchingmoment
coef� cient.

far-� eld conditions at the outer boundary. All runs were made at
a Mach number of 0.12 and a Reynolds number of 1.5 £ 106. As
described in the experimental data set of Bragg,26 the conditions
probably did not have large regions of laminar � ow as a result of
the large and complex ice shape, and therefore turbulencewas mod-
eled over the entire airfoil surface.Potapczuk27 found that although
modeling laminar regions around the ice shape in� uenced the ve-
locity pro� les along the airfoil surface, simulating laminar � ow did
not greatly in� uence the integrated aerodynamic forces. This result
was also found herein; therefore,modeling the entire surface as tur-
bulent seems reasonable and appropriate. The results for this study
are shown in Fig. 2 for lift and aerodynamic moment coef� cients,
where it can be seen that the predictionsare reasonableand are sim-
ilar to earlier leading-edge ice-shape predictions (discussed in the
Introduction).

Results
The airfoils chosen for this study included the NACA 23012m

(used in the original computational study), the NLF 0414 (which
is representativeof a General Aviation aircraft main wing), a busi-
ness jet main wing model, and a commercial transport horizontal
tailplane model. The latter two airfoils are part of the NASA Mod-
ern Airfoil program (as mentioned in the Introduction). The base-
line iced-airfoil geometry was a quarter-round ice shape of size
k=c D 0.0083, located at 10% chord on the upper surface.The com-
mercial transporthorizontaltailplanemodelhasa negativecamberto
be consistentwith a general tailplaneorientationwith upper-surface
ice. All airfoils were simulated at M D 0.2. The business jet main
wing modeland the commercialtransporthorizontaltailplanemodel
were run at a Re D 8 £ 106 , whereas the data for Re D 1:8 £ 106 are
presentedfor the NACA 23012mand the NLF 0414 to be consistent
with the available experimental data.22;28;29 However, it was shown
that the Reynolds-number effects for all of the upper-surface iced
airfoils over a range of one to eight million were negligible for the
results presentedherein.22 For all simulations the tunnel walls were
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modeled directly, although the experimental data and simulation
data were both subsequently corrected for wall interference using
the method described in Rae and Pope.30

Because the tunnel walls were modeled, each angle of attack re-
quireda separategrid,butonly simulationdata fromanglesthatwere
fully computationallyconvergedare reported in the � gures.The ini-
tial grids contained approximately 100,000 nodes and 1300 points
along the airfoil surface. The grid points were clustered around the
ice shape and within the separation region. The spacing of the � rst
grid point normal to the airfoil surface was 10¡6 chord lengths with
a 15% successiveincrease in grid size away from the wall. This grid
was then adapted using the procedure described earlier. The � nal
grids contained approximately 125,000 nodes.

For the clean conditions the four airfoils considered for the study
have distinct loading distributions.These can be illustratedby com-
paring pressure distributions for an equivalent lift of the noniced
condition. Figures 3a–3d show the surface pressure distribution for
the clean case for all of the four airfoils at an equivalent C` of ap-
proximately 0.5. The NACA 23012m is a forward-loaded airfoil
with a light loading of the � ap. The NLF 0414 has a relatively uni-
form chordwise loading until the pressure recovery near the trailing
edge. Both the business jet main wing model and the commercial
transport horizontal tailplane model have the same type of loading;
both are forward-loadedairfoils with large suction peaks and a light
loading of the � ap in the clean case.

For iced conditions the differences in loading for these four air-
foils can be illustratedby examining the � ow� elds for an equivalent
lift, ice-shapelocation(x=c D 0.1), andsize (k=c D 0.0083) shownin
Figs. 4–7. The streamlinesand the pressuredistributionfor all of the
four airfoils were considered for an equivalentC` D 0.26. The iced
NACA 23012m has the largest bubble with the reattachment point
close to the trailing edge. The NLF 0414 and the business jet main
wing model have smaller separation with reattachmentpoints close
to x=c D 0.27, and the commercial transport horizontal tailplane
model has a reattachmentpoint at x=c D 0.34.The businessjet main
wing modeland thecommercialtransporthorizontaltailplanemodel
exhibit very similar Cp pro� les in both clean and iced case, despite
the negative camber of the latter. In general, the pressure distribu-
tions are predicted reasonably well for the NACA 23012m and the
NLF 0414 airfoils.22 The comparisons in the resulting aerodynamic
forces between airfoils will be discussed at the end of the results
section. In the following presentation of force coef� cients for the
individual airfoils, the lift and hinge-moment distributions will be
generally shown because their in� uence in aerodynamic control in
icing conditions is paramount. For conciseness, the � gures for drag
and pitching moment coef� cients are not generally shown, but are
available in Bragg and Loth.22

NACA 23012m Airfoil

Analysis of the aerodynamic coef� cients, reattachment lengths,
pressuredistributions,and � ow� eld plots12;22 for theNACA 23012m
iced case indicatesthree general regimesof � ow phenomena,which
can be isolatedto aid in futurediscussion:linear,nonlinear,and fully
separated. These regimes are illustrated by the separation bubble
size plotted in Fig. 8 for the baseline ice-shape geometry. The lin-
ear regime is associated with low angles of attack (approximately
less than 0 deg in the experimental case and less than ¡2 deg in
the computational case). Here the separation bubble remains close
to the airfoil surface, and the chordwise growth of the bubble as
the angle of attack is increased is fairly slow. At higher angles of
attack (up to 4 or 5 deg), a nonlinear regime occurs where there
is a break in the aerodynamic forces and moments. Here the bub-
ble displays rapid growth over a relatively small range of angle
of attack where unsteady � ow becomes signi� cant. Once the sep-
aration region reaches the trailing edge, the airfoil is in the fully
separated regime, ® > 4 deg. Here the bubble quickly begins to ex-
tend away from the airfoil and into the outer � ow� eld. With this
type of bubble, large-scale vortex shedding occurs as measured by
Bragg and Gurbacki.31 This type of unsteady phenomenon cannot
be captured with the current steady-state computational strategy,
and therefore the computational results are questionable at these

a)

b)

c)

d)

Fig. 3 Surface pressure distribution for non-iced (k/c = 0.00) condition
for an equivalent C` = 0.5 for a) NACA 23012m at ® = 4 deg, b) NLF
0414 at ® = 0 deg, c) business jet main wing model at ® = 4 deg and d)
commercial transport horizontal tailplane model at ® = 4 deg.
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a)

b)

Fig. 4 a)Streamlinesandb)surface pressure distributionsfor a NACA
23012m with k/c = 0.0083 quarter-round ice shape located at x/c = 0.1
and ® = 3 deg.

angles. In the following, the aerodynamic in� uence of a quarter-
round ice shape is considered by varying its maximum height. The
ice location was held constant at 10% chord, and two sizes were
studied: k=c D 0.0083 and 0.0139. In addition, a case with no ice
shape (k=c D 0.0) but a boundary-layertrip was used as a reference
condition.

The lift curves for these con� gurations are shown in Fig. 9a.
The signi� cant reduction in lift curve slope and the dramatic reduc-
tions in maximum lift coef� cient and maximum-lift angle causedby
the ice-shape presence were predicted reasonably well by NSU2D.
However, for both iced cases the NSU2D predictions exhibited a
weaker, although more abrupt, break in the lift curve slope than
that shown by the experiments. Although no noticeable maximum
lift condition was seen in the NSU2D predictions, the break in the
lift curve slope can be used to estimate the trends for loss in max-
imum lift. Here the break does occur at an earlier angle for the
larger ice-shape case (at ® D 1 deg) than for the smaller ice-shape
case (at ® D 3 deg), which corresponds well with the start of the
experimental breaks.

Figure 9b shows the drag predictions. The trends caused by the
presence and height change of the ice shape were well predicted
by NSU2D considering the large amount of separation occurring
for the iced airfoil � ows. At low angles of attack, NSU2D predicted
the small increase in drag as the ice size was increased, although
the magnitude was slightly underpredicted.Both the computations
and the experiments showed a signi� cant increase in drag for the
iced cases at large angles of attack. However, unlike the clean case,
the large increases in drag for the iced cases occurred a couple of
degrees before the maximum lift point.

Figure 9c shows the pitching-moment coef� cient distribution
with angle of attack. The trends caused by the presence of the ice
shapeswere well reproducedby NSU2D. In fact, the NSU2D results
for the iced caseshad betteragreementwith theexperimentsthan the

a)

b)

Fig. 5 a) Streamlines and b) surface pressure distributions for a NLF
0414 airfoil with k/c = 0.0083 quarter-round ice shape located at x/c =
0.1 and ® = 2 deg.

clean case (perhaps becauseof the decrease in � ow through the � ap
gap). NSU2D performed remarkably well for predicting the strong
drop-off in moment at positive angles of attack as the ice shape was
increased in size. However, the computations did not predict the
subsequentincrease in moment coef� cient seen in the experimental
data for angles past stall.

Perhaps the most important aerodynamiccoef� cient with respect
to aircraft control is the hinge-moment. The comparison between
computation and experiment of this critical parameter is shown
in Fig. 9d. Again NSU2D successfully predicted the qualitative
trends resulting from the presence and change in height of the ice
shape. In particular the increased drop-off in Ch at high angles of
attack was reproduced both qualitatively and quantitatively. The
predicted pressure distribution12;22 for each of the three con� gura-
tions at ® D 3 deg also matched well with the experimental data.
The distribution showed that the presence of the ice shape caused
an increase in pressure at the leading edge, i.e., the suction peak
was reduced. This created a much more aft-loaded airfoil with a
subsequentchange in the pitching-momentand loss in lift. Also, the
pressurealong the lower surfacedecreasedas the ice-shapesize was
increased, resulting in a further loss in lift.

The effect on the lift and hinge-moment coef� cients caused by a
quarter-round ice shape of size k=c D 0.0083 located at 10, 20, and
30% chord is shown in Figs. 10a and 10b. Generally, the compu-
tational results agreed well with the experimental data for angles
of attack within the linear range. For the three locations tested the
10% chord location had the strongest in� uence on the aerodynamic
characteristics of the airfoil, in particular it resulted in the largest
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a)

b)

Fig. 6 a) Streamlines and b) surface pressure distributions for a busi-
ness jet main wing model airfoil with k/c = 0.0083 quarter-round ice-
shape located at x/c = 0.1 and ® = 2.

reductionin lift curve slope throughthe linearrange.The 10%chord
location was also the � rst to experience the break in the lift curve,
indicating the earliest stall (although the computations did not pre-
dict the actual stall) and yielded the highest drag predictions. As
the ice shape was moved rearward on the airfoil, the hinge-moment
curves displayed a much more gradual break, which is desirable for
aircraft control.

Figure 11 displays the pressure distribution along the airfoil sur-
face at ® D 3 deg for the three ice-shape locations. As expected,
the separation region not only followed the ice shape as it moved
rearward but also was seen to decrease in overall extent. The airfoil
with the ice shape at 10% chord did not display a suction peak at
the leading-edge,whereas the geometries with the ice shape moved
farther back did possess a peak (althoughnot as large as in the clean
case, e.g., Fig 3a). This appears to be the reason why the 10% chord
locationproducedthegreatestdecreasein lift aswell as the strongest
in� uence on the moment coef� cients. Figure 12 plots the C` when
the � ow � rst becomesfully separatedvs the locationof simulated ice
accretion. We see that the most detrimental effect on the lift occurs
close to the 10% location as also seen from the C`–® curve. This
is consistent with the experimental results,22 which noted a critical
location of 12% (also shown in the � gure).

To investigatethe in� uence of � ap de� ection, calculationsfor the
clean NACA 23012m airfoil were � rst studied for the � ap de� ec-
tions of 0, 5, and 10 deg (Figs. 13a and 13b) for both computa-
tional predictions and experimental data. The NSU2D predictions

a)

b)

Fig. 7 a) Streamlines and b) surface pressure distributions for a com-
mercial transport horizontal tailplane model with k/c = 0.0083 quarter-
round ice shape located at x/c = 0.1 and ® = 3 deg.

Fig. 8 Reattachment locations of the separation bubble for the NACA
23012m with k/c = 0.0083 for quarter-round ice shape at x/c = 0.1.

for the nonicedcasesexhibitgoodcomparisonwith theexperimental
results, although the slope of the lift curve and maximum lift coef� -
cient were overestimated. The experimental uncertainty in lift was
limited to 0.33%. The in� uence of � ap de� ection on the airfoils
with the ice shape is shown in Figs. 14a and 14b, where the curves
are shifted with the � ap de� ection but are not qualitativelychanged.
For the lift there is a break at about 3 deg, which is maintained as
the � ap de� ection increases, indicating that it is the onset of full
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a)

b)

c)

d)

Fig. 9 Effect of ice-shape height for a NACA 23012m at x/c = 0.1 on
a) lift coef� cient, b) drag coef� cient, c) pitching-momentcoef� cient, and
d) hinge-moment coef� cient. Note: k/c = 0.00 is the clean case.

a)

b)

Fig. 10 Effect of ice-shape locationfor aNACA 23012mfor k/c= 0.0083
on a) lift coef� cient and b) hinge-moment coef� cient.

a)

b)

c)

Fig. 11 Effect of ice-shape locationon pressure distributionofa NACA
23012m at ® = 3 deg and k/c = 0.0083 for ice-shape located at x/c:
a) = 0.1, (b) = 0.2, and (c) 0.3.



292 KUMAR AND LOTH

Fig. 12 Lift coef� cient for angle of attack at which � ow � rst fully sepa-
rates vs. x/c for a NACA 23012mairfoil with k/c = 0.0083 quarter-round
ice shape.

a)

b)

Fig. 13 Effect of � ap de� ection for a NACA 23012m with k/c = 0.00
(clean) on a) lift coef� cient and b) hinge-moment coef� cient.

upper-surface � ow separation that leads to poor lift prediction and
not the onset of increased overall lift or circulation. Similarly, the
predictiveperformanceis approximatelyindependentof � ap de� ec-
tion angle for the drag, aerodynamic moment, and hinge-moment
curves, although for the latter the hinge-moment break is not as
sharp (Fig. 14b).

NLF 0414 Airfoil

Figures 15a–15d show the effect on the lift, drag, pitching-
moment, and hinge-moment coef� cients as a result of variation in

a)

b)

Fig. 14 Effect of � ap de� ection on hinge-moment coef� cient for a
NACA 23012m with ice-shape of height k/c = 0.0083 and located at
x/c = 0.1 on a) lift coef� cient and b) hinge-moment coef� cient.

ice-shape location for the NLF 0414 airfoil with quarter-round ice
shapeof size k=c D 0.0083at x=c D 0.02, 0.1 and 0.3. Both the com-
putationsandexperimentsindicatelargedetrimentaleffectsfor all of
the ice-shape locations tested, but the location close to the leading-
edge appears to be the most severely affected. The predictionof lift
(Fig. 15a) is reasonableup until full separationafter which it signif-
icantly underpredicts the lift and does a poor job of predicting the
maximum C`. Similarly, the predicted drag coef� cients (Fig. 15b)
indicated good agreement with the experimental results at low an-
gles of attack, but the angle at which the drag suddenly increases
was underpredicted(especially for x=c D 0.1).

The breakin thepitching-momentcurve(Fig 15c)occurredearlier
for the computations. This could be because the bubble reattached
earlier, compared to the experiment. However, the hinge-moment
predictions (Fig. 15d) agreed well with experimental results, al-
thougha distinctivebreakwas observedin thecomputationalpredic-
tions of hinge moment of x=c D 0.02 case, which was substantially
delayed in the experimental results. A study of size variation22 for
this airfoilnoted that the larger ice-shapesize hada moredetrimental
effect (as expected).

Figure 16 plots the C` when the � ow becomes � rst fully separated
vs the location of simulated ice accretion for the NLF 0414 airfoil.
Both computations and experiments indicate that for k=c D 0.0083
the near leading-edge locations, e.g., x=c D 0.02, have the most
detrimental effect. All of the locations tested seem to have a sig-
ni� cant detrimental effect compared to the clean case.

Business Jet Main Wing Model Airfoil

The effect of ice-shape location on aerodynamic coef� cients for
the k=c D 0.0083 ice shape on the business jet main wing model
airfoil was similarly investigated. It was observed from the lift and
drag plots that the most detrimentaleffect of the ice shapeon lift and
drag would occur if the ice shape was placed close to x=c D 0.02
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a)

b)

c)

d)

Fig. 15 Effect of ice-shape location for k/c = 0.0083 for the NLF airfoil
on a) lift coef� cient, b) drag coef� cient, c) pitching-moment coef� cient,
and d) hinge-moment coef� cient.

Fig. 16 Lift coef� cient for angle of attack at which � ow � rst fully sep-
arates vs x/c for a NLF 0414 airfoil with k/c = 0.0083 quarter-round
shape.

Fig. 17 Lift coef� cient for angle of attack at which � ow � rst fully sep-
arates vs x/c for a business jet main wing model airfoil with k/c = 0.0083
quarter-round ice shape.

(e.g.,Fig. 17). This is close to the generallocationof minimum pres-
sure for this airfoil in clean conditions (Fig. 3c). Based on stream-
line contours, the x=c D 0.02 iced case exhibits a combination of
thin airfoil type of stall and trailing-edge type of stall, wherein the
trailing-edge separation point moves closer to and merges with the
reattachmentpoint of the bubble.

Comparison of the Four Airfoils

The effect on the aerodynamic coef� cients caused by variation
in airfoil geometry was studied by comparing the NACA 23012m,
NLF 0414, business jet main wing model, and commercial trans-
port horizontal tailplane airfoil geometries with a quarter-roundice
shape of size k=c D 0.0083 located at 10% chord. The x=c D 0.1
was chosen because it has been shown herein to have a substantial
impact on performance.

Figures 18a and 18b show the lift and hinge-momentcoef� cients
of the four airfoils with the available experimental data, and results
for drag and pitching-momentare availablein Bragg and Loth.22 For
the lift and drag the effects of the ice-shape simulation were much
more severe on the NACA 23012m than on the NLF 0414. This can
be attributed to the large differences in their clean model pressure
distributions.The cleanNACA 23012mis a veryforward-loadedair-
foil, with a very large leading-edgesuctionpeak. The NLF 0414 has
a relatively uniform chordwise loading until the pressure recovery
near the trailing edge. On the NACA 23012m the largest penalties
occurred when the simulated ice shape prevented the leading-edge
suctionpeak from forming.On the NLF 0414 it was found that all of
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a)

b)

Fig. 18 Effect of airfoil geometry for k/c = 0.0083 ice-shape located at x/c = 0.1 on a) lift coef� cient and b) hinge-moment coef� cient. Airfoils include
NACA 23012m, NLF 0414, business jet main wing model (BJMW) and commercial transport horizontal tailplane model (CTHT).

the locationshad detrimental effect on the aerodynamicparameters,
but the sensitivity to location was not as strong. The business jet
main wing model and the commercial transporthorizontal tailplane
airfoils (both forward loaded in clean conditions) exhibit similar
iced aerodynamic performance, although there is a shift owing to
the differences in camber, which was also observed in the clean
cases.22

The ice shape affected the hinge moment much more on the
NACA 23012m than on the NLF 0414. The reason stems from the
fact thaton the cleanNACA 23012mthe � ap is lightly loaded.When
the separation bubble caused by the ice shape reached the � ap, the
� ap became heavily loaded and caused a large change in the hinge-
moment slope. On the NLF 0414 the � ap was heavily loaded even
on the cleanmodel causedby early � ap separation.Thus, even when
the bubble reached the � ap, it did not alter the Ch . The � ap load-
ing was very light in the clean case of the business jet main wing
model, and the loadingincreasedgreatlywhen the separationbubble
reached the � ap causing breaks in the hinge-moment curve, which
were not observed in the case of NLF 0414 airfoil. In the case of
commercial transporthorizontal tailplaneairfoil, there was trailing-
edge separationeven at very low angles of attack; hence, the bubble
did not dramatically change the slope of the hinge-moment curve.

And none of the airfoils displayed as strong a hinge-moment break
as was found on the NACA 23012m.

Conclusions
The present computational formulation qualitativelypredicts the

experimental trends of the major aerodynamic forces and moments
associatedwith the simulated ice-shape presence (with and without
� ap de� ection). As in the experiments, the simulated upper-surface
ice-shape airfoils produced a large separation bubble, drastically
changed the airfoil pressure distributions, and modi� ed the airfoil
from leading edge to thin-airfoil stall. In addition, hinge moments,
pressure distributions, and reattachment lengths were also reason-
ably correlated with experimental results. However, the lift force
was not well predicted once the upper surface was fully separated,
which was attributed to the highly unsteady vortex shedding at this
condition.

The NACA 23012m exhibited the strongest lift degradation at
x=c D 0.1, which was attributed to the absence of the suction peak
near the leading-edge.The more uniformly loaded NLF 0414 airfoil
did not exhibit a distinctive critical ice-shape location, i.e., the lift
loss at fully separated conditions was roughly the same for x=c
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values ranging from 0.02 to 0.3. The most critical ice-shapelocation
for the business jet main wing model and commercial transport
horizontaltailplanemodelairfoilswith upper-surfaceice shapeswas
very close to the leading edge around x=c D 0.02. This is attributed
to a large decrease in the pressure suction peak at the leading-edge
for these airfoils, which are highly forward-loaded and have high
suctionpeaks in clean conditions.Finally, Reynolds number effects
were negligible for all the ice-shape cases (unlike for the clean
airfoils).
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